Restriction mapping and the determination of scattered nucleotide sequences have permitted a description of the global structure and evolutionary affinities of the canine herpesvirus (CHV) genome. The global structure closely resembles that of the totally sequenced genomes of varicella-zoster virus and equine herpesvirus 1 (EHV-1) in having a 37 bp inverted repeat flanking a long unique region (UL) of approximately 100000bp, and a 10100-10 700 bp inverted repeat flanking a short unique region (Us) of roughly 7400-8600 bp. On the basis of the sequences obtained, 35 homologues to previously identifled herpesvirus gene products were found in U L and the major inverted repeat, and the level of the similarities indicated that CHV belongs to the genus Varicellovirus. Within the genus, CHV appears to be most closely related to EHV-1, pseudorabies virus and feline herpesvirus. Surprisingly, genes for both subunits of the viral ribonucleotide reductase were found to be missing from their equivalent place in other herpesvirus genomes. Either they have been translocated to another position in the CHV genome or, we think more likely, they have been lost.
Introduction
As first described by Carmichael et al. (1965) and Stewart (1965) , canine herpesvirus (CHV) is a major pathogen of neonatal puppies. In adult dogs, CHV induces a limited infection of the upper respiratory and genital tracts. The pathobiology of the virus has been reviewed (Krakowka, 1985; Anvik, 1991) . Only one serotype of the virus is presently recognized (Manning et al., 1988) .
On the basis of its biological characteristics, the virus is currently classified as a member of the subfamily Alphaherpesvirinae (Roizman et al., 1992) , which, inter-* Author for correspondence. Fax + 33 1 47 26 88 36. Sequence data have been deposited with the EMBL databank under the accession numbers X75765, X89243, X89373, X89432, X89433, X89471-474, X89500-502, X89567, X90415-452, X90456, X90457 and X92066-068. estingly, contains two viruses whose genomes are at the extremes of the G + C content range for all herpesviruses; pseudorabies virus (PRV), at 75 % G + C and CHV itself, at 32 % G + C. Since at the time the present project was initiated the G + C content of the CHV genome was only available from physical measurements (buoyant density; Goodheart & Plummer, 1975) and since a comparison of the genetic content in genomes of such widely diverged base content as CHV and PRV appeared to be of potential evolutionary interest, we decided to undertake a study of nucleotide sequences in the CHV genome. The approach chosen was to construct provisional EcoRI and HindIII restriction maps for the genome and, in parallel, to refine these by sequencing the ends of cloned restriction fragments so as to locate repeated sequences and reading frames with homology to known herpesvirus genes.
The results presented here permit a description of the global structure of the CHV genome, including approximate size, presence and disposition of inverted repeats, and the arrangement of 35 homologues to herpesvirus open reading frames (ORFs). The global structure most closely resembles the totally sequenced genomes of the alphaherpesviruses varicella-zoster virus (VZV; Davison & Scott, 1986 ) and equine herpesvirus 1 (EHV-1; Telford et al., 1992) , as well as the partially sequenced PRV genome, while the ORF homologues indicate closer affinities to genes of EHV-1 and the currently available gene sequences of PRV and feline herpesvirus (FHV).
While this work was in progress, Limbach et al. (1994) published sequence data on CHV glycoproteins B, C and D, and their analysis of the relationship of CHV to other herpesviruses concurs with our own.
Methods

Cells and virus.
Monolayers of primary dog kidney cells were maintained at 37 °C in MEM containing 10 % FCS. The virus isolate Milou was obtained in the Maisons-Alfort laboratory from a neonatal puppy. It was confirmed as CHV by neutralization with a previously characterized CHV-specific antiserum (A. Moraillon, personal communication) and by the EcoRI restriction pattern of its DNA, which was identical (data not shown) to that of the F205 strain of Carmichael et al. (1965) . The virus was plaque-purified three times under agarose before working stocks were prepared. Cell monolayers were infected at 37 °C with 0.1 p.f.u, per cell and the infected cells were harvested 24 to 36 h later when CPE was complete.
Preparation of viral DNA and recombinant plasmids. Viral DNA was isolated after lysis of infected cells essentially as described by Pignatti et al. (1979) . The lysate supernatant was treated with proteinase K (200 gg/ml) in 0.2% SDS for 2h at 37 °C, then extracted with phenol-chloroform and precipitated with ethanol. Concatemer-enriched viral DNA was obtained from the pellet after Hirt extractions (Hirt, 1967) of infected cells as previously described (Cebrian et al., 1983) . The viral DNA was digested with EcoRI or HindIII and the fragments were ligated into the multiple cloning site of the pT7T3 19U plasmid (Pharmacia). Recombinant plasmids were propagated in Escherichia colt strain TG 1 (Stratagene) according to standard methods and plasmid DNA was prepared using the clear lysate procedure (Sambrook et al., 1989) . Additional uncloned fragments were obtained by electrophoresis and selective elution from low melting-point agarose gels.
Initially, to ensure that the plasmids contained CHV DNA, DNA from non-infected or CHV-infected cells was hybridized with radiolabelled EcoRI recombinant plasmids. Then, further recombinant plasmids obtained with HindIII-digested CHV DNA were screened by colony filter hybridization using the cloned EeoRI inserts as probes.
Hybridization analysis of restriction fragments. Southern blot and colony filter hybridization experiments were conducted according to standard methods (Sambrook et al., 1989) . Briefly, electrophoretically resolved restriction fragments or lysed bacterial colonies were transferred to nitrocellulose (Schleicher & Schuell) or to Hybond-N (Amersham) membranes. Recombinant plasmids were labelled with [3~P]dCTP by random oligonucleotide primer extension. The radiolabelled probes were hybridized to blot membranes overnight at 37 °C in 5 x SSC containing 45% formamide, 0.1% SDS, 10% Denhardt's solution and 10 gg/ml sonicated denatured calf thymus DNA. Filters were subsequently washed under stringent conditions (for 32 % G + C) corresponding to T m -5 °C (0.4 x SSC, 50% formamide) at 37 °C. When successive hybridizations were carried out, membranes were stripped of radiolabel by incubation in 5 mM-Tris-HC1, 0.2 mM-EDTA, 0.05 % sodium pyrophosphate for 2 h at 80 °C.
Sequencing and computer analysis. Sequencing was performed by the dideoxynucleotide chain termination method of Sanger et ak (1977) using modified phage T7 polymerase (Sequenase 2.0; USB) and denatured plasmid DNA as template (Mierendorf & Pfeffer, 1987) . Both ends of the inserts were sequenced using M 13 forward and reverse primers. Approximately 200 to 300 nucleotides were sequenced from each end and specific custom-made primers were used for further sequencing. For the genomic termini, a Taq DNA polymerase cycle sequencing kit (Gibco BRL) was used. In all, 109 distinct sequences were obtained and each base was sequenced at least twice. Sequence data were analysed with the software package BISANCE (Dessert et al., 1990) . Nucleotide sequences were translated in the six reading frames and the resulting amino acid sequences were compared to protein sequences contained in the Genpro databank (release 84).
The programs used, with default parameters, were BLAST (Altschul et al., 1990) for database homology searches, SEQFP (Goad & Kanehisa, 1982) for identical residue determination and FASTA (Pearson & Lipman, 1988) for relatedness scores. 
Results and Discussion
Global genome structure: size, inverted repeats and genomic termini
Upon agarose gel electrophoresis, EcoRI digests of CHV DNA yielded 20 fragments, all of which were present in equimolar quantities (Table 1) . The sum of their sizes provided an estimate of 128 kbp for the total length of the viral genome. All but the EcoRI A and K fragments were successfully cloned, representing 91 kbp or 73 % of the genome. The total number of fragments in HindIII digests was difficult to estimate due to the presence of multiple fragments with the same electrophoretic mobility, particularly in the low molecular mass range. Nevertheless, using blot hybridization and double digestion, 48 fragments were eventually found (Table 2 ) and the total genome length was again calculated to be 128 kbp. Forty-one distinct HindIII clones were obtained, representing approximately 93 % of the genome. The data summarized in Tables 1 and 2 allowed the construction of a preliminary EcoRI-HindIII restriction map for much of the CHV genome.
In order to test for the presence of repeated sequences in the genome, various HindIII clones were hybridized to blots of HindIII-digested viral DNA. It was found that clone HindIII g hybridized to the genomic fragments HindIII g and HindIII q, both of which share sequences with the EcoRI A fragment (Table 1 ). The HindIII q fragment (2.4 kbp), which could not be cloned in initial experiments, was considered as candidate for a genomic terminus and was subsequently cloned by blunt-end ligation. This clone was then used to probe blots of HindIII-restricted intracellular concatemeric DNA (Methods) and a 3.6 kbp fusion fragment, not present in unit-length DNA, was identified and cloned. By hybridization with the fusion fragment clone, terminal fragments of the genome could be identified as EcoRI A, EcoRI K, HindIII q and HindIII a'.
The nucleotide sequence of one terminus ( Fig. 1 c) of the genome was determined from the cloned HindIII q fragment (Fig. 2) . The sequence of the second terminus ( Fig. 1 a) was obtained from the HindIII fusion fragment plasmid using a primer whose sequence was chosen from the HindIII q extremity• The same primer was used to obtain a third sequence (Fig. 1 b) from fragment HindIII g (Fig. 2) . Beginning from the' left' (U 0 terminus (as the genome is conventionally displayed; Fig. 1 a) , there is a 37 bp sequence which is repeated with inverted polarity in the HindIII g fragment (Fig. 1 b) . This therefore comprises the TRL/IR~, inverted repeat and is of similar extent to those found in the genomes of VZV (88 bp; Davison, 1984) , bovine herpesvirus 1 (25 bp; Hammerschmidt et al., 1988) and EHV-1 (32 bp; Chowdhury et al., 1990) .
The sequence immediately following IR L (Fig. 1 b) is an inverted repeat of the 31 bp sequence (from HindIII q) present at the 'right' (Us) terminus (Fig. 1 c) , thus delineating the outer extremities of the IRs/TR s inverted repeat and also the junction defining the long and short components of the unit-length genome. Inverted repeat sequences were also found to be present at the ends of the 10 kbp HindIII a fragment (data not shown), indicating that this fragment includes the inner extremities of IRs/TR s and the U s region. To obtain an estimate of their sizes, the relative positions in HindIII a of sites for 
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Organization of conserved genes
Approximately 200 to 300 nucleotides were sequenced at each end of 61 cloned restriction fragments using M13 forward and reverse primers. In addition, some custom primers were used to obtain further sequence data. This allowed us to gather about 25 kb of nucleotide sequences, representing an estimated 20 % of the CHV genome. The average G+C content of the sequences was 31"8%, in agreement with previously published data (Goodheart & Plummer, 1975; Limbach et al., 1994) . The limited data (approximately 1.5 kb) from the inverted repeats gave a higher value, 38 %, as observed for the inverted repeats of several other herpesviruses (Davison & Scott, 1985; McGeoch et al., 1986; Telford et al., 1992) . The CpG dinucleotide frequency (Honess et al., 1989) of the total sequences was not much lower than expected (found, 1.6 %; expected, 2.3 %; ratio, 0.70), which, taken with the global genome structure and the gene product similarity comparisons discussed below, clearly places CHV in the subfamily Alphaherpesvirinae (Roizman et al., 1992) . The CHV ORFs were identified on the basis of computer-implemented amino acid sequence comparisons (see Methods). Of 109 translated sequences, 93 showed significant similarity to 35 previously identified herpesvirus gene products. Sixty-seven of the sequences could be joined on the basis of contiguous similarities within an ORF, and were thus taken to define junctions between adjacent restriction fragments. On the whole, 60 distinct sequences were obtained after the concatenation step, and these are listed in Table 3 along with the corresponding EHV-10RFs. The genomic location of the identified ORFs is indicated in Fig. 2 along with the refined EeoRI and HindIII restriction maps.
Complete sequences were obtained for three ORFs, the viral thymidine kinase, glycoprotein C and the homologue ofEHV-10RF15, downstream neighbour of gC. The CHV thymidine kinase (R6mond et al., 1995) and gC both exhibited greater similarity to the respective proteins of FHV than to those of EHV-1, while the ORF15 homologue showed equivalent similarity with those of both viruses (Table 3; Limbach et al., 1994) . Various diverged positional homologues to ORF15 are present in other alphaherpesviruses, but in VZV this ORF has been replaced by a gene for thymidylate synthase (Davison & Scott, 1986) .
The remaining 32 incomplete CHV ORF sequences generally showed a higher level of identity to ORF products of FHV and EHV-1, followed roughly in order by those of PRV, VZV, herpes simplex virus type 1 (HSV-1) and other alphaherpesviruses (Table 3) , but were considerably more diverged with respect to the beta-and gammaherpesviruses (data not shown). Another indication of a close evolutionary relationship of CHV to EHV-1 is the presence ofa homologue to gene 67, which encodes a 36 kDa virion protein (Sun et al., 1995) . Gene 67 homologues are not found in PRV, VZV or HSV-1 (Telford et al., 1992) . With one important exception (see below), the sequences were found to be collinear with their homologues in other alphaherpesviruses (Fig. 2) . Overall, the results conform to the conclusions of recent phylogenetic analyses by McGeoch and co-workers (McGeoch & Cook, 1994; McGeoch et al., 1995) , where CHV may be considered a member of their group 'E', (genus Varicellovirus; Roizman et al., 1992) .
Ribonucleotide reductase genes
An unexpected exception to the general pattern of gene conservation in CHV is the absence from their usual positions of genes for the large (EHV-10RF21) and small (EHV-10RF20) subunits of viral ribonucleotide reductase. In all alphaherpesviruses examined so far, these genes occur tandemly in direct orientation between the homologues of EHV-10RF19, encoding a hostshutoff protein, and ORF22, specifying a capsid protein (reviewed in Davison, 1993; McGeoch et al., 1993) . In the gamma-and betaherpesviruses the ORF19 homologue is not present and the relevant ORFs are positional homologues of EHV-10RF18, which encodes a processivity subunit of the viral DNA polymerase; in addition, the small subunit ORF is absent from the betaherpesviruses (Davison, 1993; and references therein) .
The nucleotide sequence of the converging 31 ends of the CHV ORF19 and ORF22 homologues is shown in Fig. 3 . Only 375 bp separate the two ORFs, whereas in EHV-1 they are separated by 3764 bp (Telford et al., 1992) ; no similarity to any reductase sequences was found in the inter-ORF sequence. In order to confirm that the disparity was not due to a cloning artifact, PCR was carried out directly with CHV virion DNA using the primers indicated in Fig. 3 . The amplified fragment had the expected size of 511 bp (data not shown).
If the missing ORFs have sizes similar to those of EHV-1, then it would be difficult to accommodate the reductase ORFs in most of the unsequenced gaps elsewhere in the UL region, assuming that the as yet undetected CHV ORFs, many of them essential genes in HSV-1 (reviewed in McGeoch et al., 1993; Ward & Roizman, 1994) , are of similar size as their counterparts in other alphaherpesviruses. For example, putative essential genes are predicted to lie in the gaps (Fig. 2) between ORF6 and TRL, ORFs 7 and 12, ORFs 30 and 33, ORFs 34 and 38, ORFs 38 and 40 and ORF61 and IR L. This leaves the possibility that they have been translocated to the gaps between ORFs 12 and 15, ORFs 64 and 67, the region Us or, we think more likely, that they have been deleted from the genome.
If the reductase subunit genes were truly absent from the genome of CHV, it would perhaps explain the longstanding observation that CHV growth, both in vivo and in vitro, is critically dependent on temperature (Carmichael et aI., 1969; Lust & Carmichael, 1971) . Newborn puppies are highly susceptible to the effects of CHV infection and are routinely kept at elevated temperatures in order to reduce mortality rates and the severity of clinical signs (Carmichael et al., 1969) . A temperaturesensitive growth phenotype has also been observed for a HSV-1 ribonucleotide reductase null mutant in which 90% of the large subunit gene had been deleted (Goldstein & Weller, 1988) ; this virus is capable of producing lesions in newborn mice (Y. and in guinea pigs (Turk et al., 1989) .
The creation of a recombinant CHV DNA library and derivation of two restriction maps should facilitate future work on the molecular biology of this virus, particularly with regard to producing avirulent mutants as potential vaccines.
